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Abstract
Spectral and wavelet analysis were performed on a tree ring width time series obtained
from a 2500 yr old cypress tree (Fitzroya cupressoides) from Costa del Osorno, Chile.
The periods for analysis were selected at 95% confidence level. Both periodicities
characteristic of solar activity and climatic variations were found in this tree ring width5
series. The 11 and 22 years solar cycle periods were present in tree ring data with a
confidence level above 98%. This indicates the solar modulation of climatic variations
is being recorded by the tree ring grown. However wavelet analysis shows that these
are present only sparsely. Short-term variations, between 2–5 years, are also present
in tree ring data, and are shown by wavelet maps to be a more permanent character-10
istic. This time scale is a signature of ENSO events. Long-term variations, above 200
years, are also present in tree ring data. The spectral analysis performed in this work
shows that this species has the ability to record solar-ENSO variations that seems to be
affecting the local environment of tree growth, and also that this region was influenced
by ENSO events at least in the past 2500 yr interval covered by this study.15
1. Introduction
ENSO has a very strong influence on the climate in the South America and through
teleconnections it may cause climatic anomalies in remote locations of the world, as
for example driving droughts in Africa and floods in North America (Neelin and Latif,
1998). Both Southern Brazil and Chile, regions studied in this work, have high annual20
positive anomalies precipitation in periods of El Nin˜o (Dai and Wigley, 2000).
Tree growth rings have been used to reconstruct both past climate and solar vari-
ability (Dutilleul and Till, 1992; Hughes et al., 1982; Kurts et al., 1993). The growth
of tree ring depends of the amount of water precipitation and of temperature. Thus it
is expected that precipitation and temperature fluctuations caused by ENSO, and oth-25
ers temperature forcing mechanisms, could have recorded their signal in tree growth
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ring. In the South America region, researches with tree ring chronologies were made
in order to study climate records in samples from Chile and Argentina (Hughes et al.,
1982).
A new methodology was developed by Rigozo (1998) to study the solar activity and
others geophysical signals in tree ring samples. Rigozo (1998), Rigozo and Norde-5
mann (2000a), Rigozo et al. (2002, 2003, 2004a), Nordemann and Rigozo (2003) have
identified the 11 year solar cycle in tree ring samples from Southern Brazil, using spec-
tral analysis. ENSO signal on tree rings from Southern Brazil (Rigozo et al., 2003) and
Chile (Rigozo et al., 2004b) have been investigated for the last 150 year interval. In this
paper a case study of solar variability and climatic effects was performed on a Chilean10
cypress tree (ca. 565 AC-1991 AD) growth ring width time series using multitaper and
wavelet spectral analysis in order to study the influence of solar activity and ENSO
signals on tree growth ring from Chile during a very long period (2500 years).
2. Methodology
The tree ring width time series obtained from a 2556-yr cypress tree (Fitzroya cupres-15
soides) collected at Costa del Osorno (Lat.: 40◦ S; Long.: 73◦50′ W; Alt.: 1000m),
Chile in 1991. The Fitzroya cupressoides species is sensible to both temperature and
precipitation (Lara et al., 2000) and one of its main advantages is that individual series
are generally over 900 years, so they represent an excellent source for the study of
low-frequency signals (Wolodarskyh-Franke et al., 2002).20
An image of a polished section of this tree was scanned by one of the authors (N.R.
Rigozo) at the Department of Botany, University of Chile at Santiago (with Dr Aravena’s
kind support). The growth ring time series were obtained from digitized images of an
adequately polished slice side, by a method developed by us and named Interactive
Treatment of Tree Ring Images – ITTRI (Rigozo, 1998). The errors on the determination25
of ring thickness were estimated as about 1 pixel/ring per sample. The main positive
points of this method are its low cost (necessary equipment is only a microcomputer
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and a scanner) and that it does not need chemical treatments, radioactivity or mass
spectrometric measurements, as occurs in isotopic methods.
The obtained tree ring width time series is normalize in function of its variance in the
final growth rate tree, by choosing a function representing the growth trend (exponential
fit) for the initial growth rate (ca. 565–88 AD) and final growth rate tree (89–1991 AD).5
3. Spectral analysis methods
In spectral analysis, the use of a single taper in a time series reduces much of the bias
due to spectral leakage in the spectral estimator, however, it also reduces the sample
size and causes information to be lost (Parks, 1987). Thomson (1982) introduced the
idea of using multiple tapers to recover the information lost while still maintaining ac-10
ceptable bias. The method is known as the Multiple Taper Method – MTM. The MTM
uses orthogonal windows (or tapers) to obtain approximately independent estimates
of the power spectrum and then combines them to yield an estimate. This estimate
exhibits more degrees of freedom and allows easier quantification of the bias and vari-
ance trade-offs, compared to conventional Fourier analysis. The MTM has the ability15
to detect small amplitude oscillations in a short time series without the necessity of
filtering the signal. It has also an internal statistical F-test (F distribution) to obtain the
significance level of the periodicity found (Thomson, 1990).
The parameter that controls the compromise between low variance and low bias is
the product time*bandwidth (NW- number of windows or tapers). This is a resolution20
parameter directly related to the number of tapers used to compute the spectrum. As
NW increases, there are more estimates of the power spectrum and the variance of the
estimate decreases. However, the bandwidth of each taper is also proportional to the
NW, so as NW increases, each estimate exhibits more spectral leakage (wider peaks)
and the overall spectral estimate is more biased. For each data set a specific value of25
NW must be used (Thomson, 1982, 1990).
The wavelet transform is a powerful tool to analyze non-stationary signals which per-
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mits the identification of main periodicities in a time series and the evolution of their re-
spective amplitude, frequency and phase. The wavelet transform of a discrete data se-
ries is defined as the convolution between the data series and a scaled/translated ver-
sion of a chosen wavelet function (Torrence and Compto, 1998; Percival and Walden,
2000).5
By varying the wavelet time scale and interval, it is possible to construct a picture
showing the amplitude variations for every periodicity. In this work, the complex Morlet
wavelet analysis was used because it is the most adequate to detect variations in the
periodicities of geophysical signals along time scales. The Morlet wavelet is a sine
wave modulated by a classical Gaussian function (Torrence and Compto, 1998).10
4. Results
A study of the spectral signal was performed by multitaper analysis on the tree ring
width time series (Fig. 1a) obtained from a 2556-yr old cypress tree (Fitzroya cupres-
soides) sampled in 1991. The growth rate shows a decreasing tendency for all the tree
life with a clear growth rate decrease at about 100 AD which probably corresponds to15
a drastic (local/regional/global) change of environmental/meteorological/climatic condi-
tions at that moment. Wolodarskyh-Franke et al. (2002) have observed in their chronol-
ogy of 5666 years from a nearby region in Chile (Contao, 41◦35′S, 72◦30′W), a period
with growth below the average from 100 BC to 200 AD, coincident with sharp decrease
in tree ring width the observed in this work. Other nearby chronology from Ayacara20
was commented by these authors as presenting also the same trend, reinforcing the
idea that there might be one or a combination of environmental factors (climate and
or volcanism) which caused this reduction in growth. At present it is not possible to
assess if this environmental factors was local/regional, but it does not seems probable
to be a global one.25
In order to remove this long trend, an exponential fit (white curve in Fig. 1a) is applied
to tree ring width data and a tree ring detrended time series is obtained (Fig. 1b).
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It can be observed that this series shows highly variable character, but a long-term
modulation can be seen even by visual inspection. The obtained tree ring width time
series is normalized in function of the variance (Fig. 1c) in the final growth rate tree
(88–1991 AD) by multiplying variances rate ratio (initial variance/final variance) by the
width time series.5
After removal of the long range tendencies, as above described, from tree ring time
series, the spectral analysis is performed. Figure 2 shows the confidence level spec-
trum obtained by MTM. The presence of peaks at both lower and high frequencies
suggests that this species, growing at high altitudes sites, is very responsive to longer
and shorter periods and to climatic factors influencing growth patterns.10
The statistical estimate of significance of the frequency registered in the growth rings,
above 95% of confidence, has been calculated using the multitaper method (Fig. 3).
This figure shows high periodicities at 511 yr and short periods at 30, 20, 11, 7, 6, 5, 4,
3 and 2 yr. It may be observed that there exist peaks, with a high statistical estimate,
close to the 75, 22, 11 and 5.5 years. Assuming that these signals have a solar origin,15
it would appear that the length of the solar cycle over this period was between 9.8 to
13.1 years near the current average of 11.1 years obtained by Murphy (1990). The
same result was observed also in tree rings by Murphy and Palmer (1992), who found
during a 426 year interval around AD 177, a mean period of 10.5 years for the length
of the “11-year” solar cycle. An equivalent result was observed by these authors, for20
the “22-year” solar cycle, who obtained for the length of this solar cycle in the tree ring
index a value of between 19.4 to 23.9 years.
Figure 2 shows high statistical estimates for the short periods, this represents a
strong response of the tree rings to environmental influences. Some of these observed
periods present estimated statistical significance above 99%, as it is the case of 6.6,25
3.5, 3.1, 2.5, and 2.0 years.
The wavelet analysis was performed after removing from the original series the long
term tendency function obtained by exponential function fit (Fig. 1a). The results of
the wavelet analysis on the detrended series are shown in Fig. 3 and 4, respectively
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for periods 2 to 2116 yr and 2 to 33 yr. Figure 3 evidences a strong period of 530
yr, sparse periodicities with variable amplitudes for periods between 530 yr and 11 yr.
The enhancement of periods greater than about 100 yr correspond to the faster growth
intervals from 100 BC to 120 AD seen in Fig. 1. In Fig. 4, the expected periodicity at
about 11 yr (of possible solar origin) appears only sparsely. Periodicities between 3 to5
6 yr clearly appear in the El-Nin˜o domain but only after the growth decrease at 120 AD
which was probably associated to permanent more severe environmental conditions
and consequent greater sensitivity to external factors such as those induced by El-
Nin˜o.
5. Discussion10
The long-standing suggestion that variations in the Sun’s total irradiance (the “solar
constant”) on time scales of decades to millennia may have been the cause of long-
term climate variations has been revived in recent years by spacecraft radiometric mea-
surements (Wilson and Hudson, 1988) showing that the Sun’s total irradiance has var-
ied more or less in phase with solar magnetic activity as measured by the sunspot num-15
ber since peak of solar cycle 21 in 1980. As was originally pointed out by Eddy (1976),
the Maunder minimum coincided roughly with one the coldest episodes of the Little Ice
Age, when global temperatures have been estimated to have been 1 to 1.5◦C colder
than modern temperatures (Crowley and North, 1991; Bradley and Jones, 1993).
Thus, it may be thought that variations in the total irradiation from the Sun can induce20
variations in tree growth by some mechanisms which involve sun induced global and
regional climatic variations and specific sensitivity of trees to ambient variations which
intervene as limiting factors when in stress conditions.
Confirmation of ring width variations may be attributed, at least in part, to anomalous
solar activity. Many early spectral studies failed to find any significant evidence of25
solar periodicities (La Marche and Fritts, 1972). However, recent spectral studies have
shown strong evidences of a 11-year period in tree ring data. Murphy (1990) found
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evidences of a 11-year solar signal in tree ring data from Australia, with a time lag of
3 years. He also found periods close to the 22-year and 75 year (Gleissberg cycle)
solar cycles. We also found a period close to the 11 year-old solar cycle and a strong
evidence of the signal of the 22-year cycle.
These same results were found by Kurths et al. (1993) in samples of Miocene trees5
from Germany, where they observed periods of 12.5 years and the second harmonic
of 11 year cycle in 5.5 years. We observed the second harmonic solar cycle between
4.9 to 5.8 years in tree ring index from Chile. Rigozo (1998) also found periods of 11
years and 22 years of solar origin in two different tree ring chronologies obtained at
Conco´rdia, southern Brazil, of 160 years (1837–1996) and of 200 years (1797–1996).10
Rigozo and Nordemann (2000b) also found periods around solar cycles of 11-year
and 22-year in a tree ring chronology (1931–1996) obtained from 15 trees from Sa˜o
Francisco de Paula, southern Brazil.
This spectrum analysis (Fig. 2) also presents variations with periods of 3 to 7 years,
this may be an indication of the response of the tree rings growth to the environmental15
conditions at their location. These results also show a non-stationary behavior of the
local climatic conditions that could represent possible influences of El-Nin˜o events and
variations in the environmental conditions of the region where trees grew. Rigozo and
Nordemann (2000a) observed in tree ring width time series many periods with weak
amplitudes, between 2 to 7 years. Gray et al. (1992), in their model studies, have found20
a variation in the period of occurrence of El Nin˜o events, between 3 and 7 years. Wiles
et al. (1998) also have found evidences of El Nin˜o events with periods between 3 and
7 years in tree ring time series.
6. Conclusions
The spectral analysis of tree ring data from Chile presented strong evidences for the 11-25
year solar cycle and the Hale cycle. We observed also the second harmonic between
4.9 to 5.8 years. The results found are in agreement with other record studies of
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the solar activity in the past, such as the concentrations of the cosmogenic isotopes
carbon-14 (Stuiver and Quay, 1980) and beryllium-10 (Beer et al., 1988), and of tree
ring data from Formosa, Colorado, Australia, Germany and Brazil.
The short periods observed can be due the environmental influences and climatic.
The spectral analysis also presents variations with periods of 3 to 7 years, which are5
visible for some intervals. This may be an indication of the response of the tree rings
growth to the environmental conditions at their location. These results show a non-
stationary behavior of the local climatic conditions that may represent possible influ-
ences of El Nin˜o events and the variations in the environmental conditions of the region
where trees have grown up.10
More studies of regional tree ring data, as this, become necessary to determine the
relative importance of the solar influences in the Sun-Earth system, in the past, since
tree rings are seemingly becoming an excellent proxy data base for solar variability.
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Figure 1 – (A) Original tree ring width time series and linear fitting (white curve). (B) 
Tree ring detrended time series and variance (white curve) for both growth rate (before 
88 and after 89 AD). (C) Tree ring normalized time series. 
 
 
 
 
Fig. 1. (a) Original tree ring width time series and linear fitting (white curve). (b) Tree ring
detrended time series and variance (white curve) for both growth rate (before 88 and after 89
AD). (c) Tree ring normalized time series (Nordemann et al., 2005).
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Figure 2 – Frequency multiple taper spectrum of the confidence level registered in the 
growth rings, above 95% of confidence level.  
Fig. 2. Frequency multiple taper spectrum of the confidence level registered in the growth rings,
above 95% of confidence level.
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Figure 3 - Wavelet amplitude map for periods from 2 to 2116 yr ) with cone of 
influence (smooth curve) and significance levels contour for 95%. A strong periodicity 
may be seen at about 530 yr as well as some weaker ones. The enhancement of periods 
greater than about 100 yr correspond to the faster growth intervals from 100 BC to 120 
AD seen in Fig. 1. 
Fig. 3. Wavelet amplitude map for periods from 2 to 2116 yr with cone of influence (smooth
curve) and significance levels contour for 95%. A strong periodicity may be seen at about
530 yr as well as some weaker ones. The enhancement of periods greater than about 100 yr
correspond to the faster growth intervals from 100 BC to 120 AD seen in Fig. 1.
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Figure 4 - Wavelet amplitude map for periods from 2 to 33 yr with cone of influence 
(smooth curve) and significance levels contour for 95%. The expected periodicity at 
about 11 yr (of possible solar origin) appears only sparsely. The El-Niño domain (with 
periods between 2 to 6 yr) clearly appears, but only after the growth decrease (by a 
factor 2) since 70 AD-120 AD which was probably associated to permanent more 
severe environmental conditions and consequent greater sensitivity to external factors 
such as those induced by El-Niño. 
 
 
 
Fig. 4. Wavelet amplitude map for periods from 2 to 33 yr with cone of influence (smooth
curve) and significance levels contour for 95%. The expected periodicity at about 11 yr (of
possible solar origin) appears only sparsely. The El-Nin˜o domain (with periods between 2 to 6
yr) clearly appears, but only after the growth decrease (by a factor 2) since 70 AD-120 AD which
was probably associated to permanent more severe environmental conditions and consequent
greater sensitivity to external factors such as those induced by El-Nin˜o.
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